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Mechanisms, and Oxidative Damage
Monya M. Costa*, Isabel Barrote, João Silva, Irene Olivé, Ana Alexandre, Sílvia Albano and
Rui Santos
Centro de Ciencias do Mar (CCMAR), Universidade do Algarve, Gambelas, Faro, Portugal
Epiphytes impose physical barriers to light penetration into seagrass leaves causing
shading, which may decrease the production of reactive oxygen species (ROS),
but also constitute a physical aggression that may trigger the production of
ROS, leading to oxidative damage. Here we investigate the effects of epiphytes
on Posidonia oceanica under both interactive perspectives, light attenuation and
oxidative stress. Specifically the role of epiphytes in net photosynthesis, chlorophyll a
and b, photoprotection (Violaxanthin+Anteraxanthin+Zeaxanthin cycle), soluble sugar
and starch contents, enzymatic [ascorbate peroxidase (APX) and dehydroascorbate
reductase (DHAR)] and global [trolox equivalent antioxidant capacity (TEAC)] and [oxygen
radical antioxidant capacity (ORAC)] antioxidant responses, phenolics and oxidative
damage (malondialdehyde) are tested. Leaves with epiphytes showed higher chlorophyll
b and lower content in VAZ cycle carotenoids. Epiphyte shading was the probable
reason for the lower VAZ de-epoxidation-ratio of leaves with epiphytes. In spite of being
shaded, leaves with epiphytes showed higher antioxidant levels, indicating that epiphytes
trigger the production of ROS. Both ORAC and TEAC and also APX and DHAR activities
were higher in leaves with epiphytes, indicating that this response was related with its
presence. Malondialdehyde concentrations also suggest oxidative damage caused by
epiphytes. We conclude that the epiphyte load causes oxidative stress in P. oceanica and
the mechanisms to scavenge ROS were not completely effective to avoid cell damage.
Keywords: seagrass, epiphytes, antioxidants, photosynthesis, oxidative stress, VAZ cycle, Posidonia oceanica
INTRODUCTION
Seagrass epiphytes are a complex community composed by plants, bacteria, micro and macroalgae,
heterotrophic organisms and organic and inorganic detritus, which use leaves as a physical
support structure. The most commonly documented effect of epiphytes on seagrasses is
shading and light attenuation (Van Montfrans et al., 1984; Brush and Nixon, 2002; Brodersen
et al., 2015). This can be detrimental to photosynthesis of subtidal, light limited seagrasses
(Oh et al., 2009). Shading may also decrease the activation of photoprotective mechanisms
such as the xanthophyll (VAZ) cycle (Gilmore et al., 1995). High irradiances induce the
de-epoxidation of violaxanthin (V) into antheraxanthin (A) and zeaxanthin (Z) and excess
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excitation energy is dissipated as heat when A and Z accumulate
(Gilmore et al., 1995; Yamamoto and Bassi, 1996). The
production of reactive oxygen species (ROS) leading to oxidative
stress result when photoprotection mechanisms are not able to
account for excess excitation energy (Mittler, 2002).
Epiphytes can either attach to the outer layers of the host tissue
or anchor deeply in leaves (Ducker and Knox, 1984) in a parasitic
relationship responsible by host cellular reactions similar to
infections (Goff and Coleman, 1984). Even when attached in the
outer layers, the presence of epiphytes may cause leaf damage
such as sloughing of the surface layer and leaf chlorosis and
necrosis (Ballesteros et al., 2007). A response of seagrasses to
epiphyte wounding may be the production of ROS, as commonly
observed in terrestrial plants and designated by oxidative burst
(Wojtaszek, 1997). An antioxidant response to an epiphytic
invasive alga has actually been described in the seagrass Posidonia
oceanica (Sureda et al., 2008). The ROS upsurge probably acts as a
protection mechanism, either by being directly toxic to epiphytes
or by signaling and/or triggering other defense reactions. A
recent report has also revealed that the physical aggression by
herbivores also causes the production of ROS in marine algae
(McDowell et al., 2014).
Under a moderate stress level, an increase of ROS triggers
plant acclimation responses such as the modulation of gene
expression, the upregulation of the antioxidant system and the
downregulation of the photosystem II turnover rate in order
to decrease the production of reactive species and protect the
cell apparatus (Karuppanapandian et al., 2011), especially the
photosynthetic system (Foyer and Shigeoka, 2011). Under high
stress conditions, ROS concentration may exceed the plant
antioxidant compensation capacity, leading to oxidative stress
(Wojtaszek, 1997; Blokhina et al., 2003; Sureda et al., 2008),
i.e., the accumulation of free radicals that result in chain
reactions leading to the degradation of macromolecules and
eventually to cell death. Malondialdehyde (MDA) results from
the peroxidation of lipids, and can be used as a marker for
oxidative stress (Valenzuela, 1991).
The antioxidant defense system includes enzymatic and non-
enzymatic responses (Mittler, 2002; Blokhina et al., 2003).
Enzymatic antioxidants are mainly composed by superoxide
dismutases, peroxidases, catalases, and enzymes that use
ascorbate as a reducing or oxidizing agent (Dabrowska
et al., 2007). Non-enzymatic antioxidants include tocopherols,
phenolic compounds, ascorbic acid, and carotenoids that quench
the oxygen singlet (Telfer, 2005) and trap peroxyl radicals
preventing lipid peroxidation (Stahl and Sies, 1996). Since
different antioxidants have distinct mechanisms of action,
general indicators of antioxidant scavenging capacity were
developed, covering two different antioxidant pathways (Huang
et al., 2005): the oxygen radical absorbance capacity (ORAC)
based in hydrogen atoms transfer and the trolox R© equivalents
antioxidant capacity (TEAC), based on electron transfer,
that measures the antioxidant capacity as compared to the
commercial antioxidant standard trolox R©.
P. oceanica (L.) Delile is a subtidal seagrass, endemic of the
Mediterranean, characterized by slow growth (Duarte, 1991)
and long-living (Arnaud-Haond et al., 2012). It is declared by
the European Habitats Directive (92/43/CEE) as a habitat of
priority interest (Boudouresque, 2004) in face of the valuable
ecosystem services it provides (Vassallo et al., 2013; Campagne
et al., 2015). The species leaves are frequently colonized by a
distinct epiphytic community including foraminifera, encrusting
coralline algae, diatoms, cyanobacteria, and bacteria (Gobert,
2002). Here we investigate the effects of epiphytes on P. oceanica
under both interactive perspectives, light attenuation, which may
decrease photoprotective mechanisms and ROS production and
physical aggression, which may cause the production of ROS
and oxidative stress. Both light attenuation and oxidative stress
may decrease the production of P. oceanica and consequently the
ecosystem services provided. Furthermore, ocean acidification
may increase the epiphyte load on seagrasses as filamentous algae
may take over calcareous epiphytes (Campbell and Fourqurean,
2014; Martinez-Crego et al., 2014) enhancing the relevance
of understanding the effects of epiphytes on seagrasses. The
role of epiphytes on the photosynthetic production, energetic
balance, antioxidant mechanisms, and oxidative damage in P.
oceanicawas tested. The approach used involved the comparative
analysis of the responses of shoots free of epiphytes with
shoots loaded with epiphytes in terms of (1) net photosynthetic
production (NPP), (2) chlorophyll a and chlorophyll b content,
(3) photoprotection (VAZ cycle), (4) energetic balance (soluble
sugar and starch contents), (5) enzymatic antioxidant responses
[ascorbate peroxidase (APX) and dehydroascorbate reductase
(DHAR)], (6) global enzymatic and non-enzymatic antioxidant
responses (TEAC and ORAC), (7) phenolic compounds, and (8)
oxidative stress damage (MDA).
MATERIALS AND METHODS
Sampling Design
The experiment was carried out in Cabo de Gata Natural Park
(southern Spain, 36◦ 48′ 47.337′′ N, 2◦ 3′ 0.875′′ W) in two
P. oceanica meadows developing at the same depth (4–5m
depth) on each side of the rocky point of Isleta del Moro. The
plants developing in the Northeast side have almost no epiphytes
compared with the plants developing in the sheltered Southwest
side, that exhibit a high load of epiphytes, probably because of
different hydrodynamic conditions.
Plants from each site, i.e., with low and high epiphyte load,
from now on designated as NEp and Ep, respectively, were
sampled at pre-dawn and solar noon. Leaf samples (n = 5)
for biochemical analysis were collected and quickly cleaned of
epiphytes (when necessary), rinsed with distilled water, blotted
dry, and frozen in liquid nitrogen. Plants (whole shoots) of P.
oceanicawere incubated in situ for photosynthetic measurements
along the day. The photosynthetic active radiation (PAR) was
measured continuously along the incubations with an Odyssey
light sensor (Dataflow Systems, New Zealand).
Photosynthesis and Respiration
NPP was measured as the oxygen evolution in closed incubation
chambers. Sets of 5 incubations (n = 5) of NEp and Ep shoots
were performed in parallel at different times along the day (at
13, 16, 18, and 22 h) and also at night, for dark respiration
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measurements. The incubation chambers were tightly closed at
the base of the shoots so that only one shoot was incubated.
An inner soft rubber band at the base of each chamber ensured
sealing. They were built from a gas-tight polyethylene plastic
bag (2.5 L approx.) with one sampling port to withdraw water
samples. These were filled with ambient seawater, sealed tight
with a plastic bag plastic sealer, and left incubating in situ for
2 h periods. Wave action promoted external movement of the
chambers and consequent medium agitation. Oxygen evolution
rates were quantified as the difference in dissolved oxygen
concentration in seawater, between the beginning and the end
of the incubations, normalized by the chamber volume and
the incubated leaf area. Water sampling and oxygen fixation
was performed according to Olivé et al. (2015). Dissolved
oxygen was quantified by the Winkler method, as modified by
Labasque et al. (2004). Sample absorbance was read at 466 nm
in a Healthcare Novaspect plus visible spectrophotometer (Brea
CA, USA). Oxygen concentrations were determined against
potassium iodate standard solutions considering a 3:2 O2:KIO3
ratio.
Photosynthetic Pigments
Frozen leaf tissue (200mg, n = 5) was powdered in liquid
nitrogen and sodium ascorbate, and extracted under low
light in 5mL of acetone 100% neutralized with CaCO3
(Abadía and Abadía, 1993). Extracts were filtrated with
5.0µm LS membrane filters followed by 0.2µm hydrophobic
Polytetrafluoroethylene (PTFE). Chlorophyll a and b were
quantified spectrophotometrically (Beckman Coulter DU-
650 spectrophotometer, Brea CA, USA) using the equations
of Lichtenthaler and Buschmann (2001). Carotenoids were
analyzed by isocratic high performance liquid chromatography
(HPLC) (De Las Rivas et al., 1989; Larbi et al., 2004). HPLC
calibration (De Las Rivas et al., 1989) was made with commercial
pigments (CaroteNature, Lupsingen, Switzerland). Liquid
chromatography analysis was performed in an Alliance Waters
2695 separation module (Milford MA, USA), with a Waters
2996 photodiode array detector and a Waters Novapak C18
radial 8 × 100mm compression column (4µm particle size).
Twenty microliters of extract were injected via an auto-sampler.
Samples were stored at 5◦C prior to injection and the column
was kept at 24◦C during chromatographic analysis. All the
eluents were prepared with HPLC grade solvents (VWR
Hipersolv Chromanorm), filtered and sonicated prior to use.
Peak areas were monitored at 450 nm and concentrations were
calculated based on peak areas obtained for standards at known
concentrations.
The de-epoxidation state of P. oceanica leaves (VAZ de-
epoxidation ratio), i.e., the conversion of the violaxanthin (V)
to antheraxanthin (A) and zeaxanthin (Z) in the de-epoxidation
reaction of the carotenoids from the xanthophyll cycle was
calculated as: (A+Z)/(V+A+Z).
Soluble Carbohydrates and Starch
Leaf soluble carbohydrates were determined in 60mg of frozen
leaf tissue (n = 5), powdered in liquid nitrogen and extracted
in 10mL of 80% ethanol at 80◦C for 30min. After extraction,
extracts were centrifuged at 4700 × g for 10min and the
supernatant was cleaned with activated charcoal, centrifuged
at 4700 × g for 8min (Stitt et al., 1978, 1989) and reserved
for analysis. The insoluble residue was washed in deionized
water, heated at 100◦C for 10min and hydrolyzed to glucose
using amyloglucosidase and α-amylase enzymatic solutions, as
described in Smith and Zeeman (2006).
Soluble carbohydrates from the first extraction and glucose
resulting from starch hydrolysis were quantified by a phenol-
sulfuric assay (adapted from Dubois et al., 1956) using glucose
standards. Results were expressed as glucose equivalents.
Activity of Antioxidant Enzymes
Frozen leaf tissue samples (1 g, n = 5) were powdered in
liquid nitrogen, polyvinyl polypyrrolidone (PVPP) and sodium
ascorbate and then extracted with 5mL of 100mM potassium
phosphate buffer (pH 7.8) with 2% Triton-x and 10mM
ascorbate. Extracts were centrifuged at 4◦C and 3500 × g for
30min. The supernatant was purified by filtration in a sephadex
PD-10 G-25 column (GE Healtcare), previously equilibrated
with 20mL of 100mM potassium phosphate buffer (pH 7.0)
with 1mM ascorbate (Polle and Morawe, 1995). The purified
enzymatic extracts were used to determine the activities of the
enzymes APX (EC 1.11.1.11) and DHAR (EC 1.8.5.1), and also to
determine the soluble protein content.
APX activity was measured as the decrease in absorbance
at 290 nm (Beckman Coulter DU-650 spectrophotometer) of
a reaction mixture containing 50mM potassium phosphate
buffer (pH 7.0), 8mM ascorbate, 20mM hydrogen peroxide, and
125µL of extract. The reaction was followed during a 3min
period at 25◦C (Nakano and Asada, 1987). APX activity was
calculated after subtraction of the control rates, where the enzyme
extract was replaced by the potassium phosphate buffer, using
ε = 2.8mM−1 cm−1. One unit (U) of APX is equivalent to
the protein necessary to oxidize 1µmol of ascorbate per min.
Enzyme activity was expressed in U mg−1 soluble protein.
DHAR activity was measured as the increase in absorbance
at 265 nm of a reaction mixture containing 60mM potassium
phosphate buffer (pH 6.1), 5mM reduced glutathione, 800µM
dehydroascorbic acid, and 50µL of extract. The reaction was
followed during a 3min period at 25◦C (Polle and Morawe,
1995). DHAR activity was calculated after subtraction of the
control rates, where the enzyme extract was replaced by the
potassium phosphate buffer, using ε = 14mM−1 cm−1. One
unit (U) of DHAR is equivalent to the protein necessary to
reduce 1µmol of dehydroascorbate per min. Enzyme activity was
expressed in U mg−1 soluble protein.
Soluble protein was quantified by a dye-binding assay
(Bradford, 1976), using a commercial reagent (BioRad Protein
Assay, Hercules, California, USA). Bovine serum albumin was
used as standard.
Oxygen Radical Absorbance Capacity
(ORAC), Trolox Equivalent Antioxidant
Activity (TEAC), and Phenolic Compounds
Frozen leaf tissue samples (ca. 300mg, n = 5), were powdered
in liquid nitrogen, suspended in 9mL 0.1N hydrochloric acid
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(HCl), kept overnight under constant agitation at 4◦C, and then
centrifuged at 4700 × g for 30min. The same supernatant was
used for phenolic compounds quantification and ORAC and
TEAC assays.
Phenolic compounds were quantified by the Folin-Ciocalteu
method (Booker and Miller, 1998; Migliore et al., 2007). 0.25
N Folin-Ciocalteu reagent (0.4mL) and 7.5% Na2CO3(0.4mL)
were added to the supernatant (42µL). Absorbance was read
at 724 nm in a Beckman Coulter DU-650 spectrophotometer,
against a blank. Chlorogenic acid was used as standard and the
assay results were expressed as chlorogenic acid equivalents.
ORAC was quantified according to Huang et al. (2002).
8.16 × 10−5mM fluorescein dissolved in 75mM phosphate
buffer (150µL) were added to the extract (25µL). This
mixture was heated at 37◦C and read in a Synergy TM 4
multi-detection microplate reader with a 485 nm excitation
filter (20 nm bandpass) and a 528 nm emission filter (20 nm
bandpass). The reaction was initiated by the addition of
153mM ABAP (25µL) [2,2′-azobis (2-methylpropionamidine)
dihydrochloride]. Results were expressed as Trolox R© equivalents
(6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid).
For TEAC assay, the cation radical ABTS•+ was produced by
the reaction of 7mM ABTS with potassium persulfate in a final
concentration of 2.45mM according with Re et al. (1999). Nine
hundred microliters of diluted ABTS•+ (A734 nm = 0.800 ±
0.020) was added to 10µL of extract and, after an incubation
period of 6min, absorbance was read at 734 nm in a Beckman
Coulter DU-650 spectrophotometer, against a blank sample.
Results were expressed as Trolox R© equivalents.
Malondialdehyde (MDA) Quantification
MDA extraction and quantification was performed according
to Hodges et al. (1999). Three hundred milligram of frozen
leaf tissue (n = 5) was powdered in liquid nitrogen and
suspended in 5mL of 80% ethanol. The extract was homogenized
and centrifuged (4◦C, 3000 × g, 10min) and each sample was
divided in two reading-replicates. 1.0mL of the supernatant was
added to 1.0mL of 20% trichloroacetic acid (TCA) with 0.65%
thiobarbituric acid (TBA), and 0.01% butylated hydroxytoluene
(BHT) solution.
Two blanks were prepared in which the sample was replaced
by 80% ethanol. All the samples and blanks were first heated
(90◦C, 25min), then cooled (ice bath, 15min), and again
centrifuged (4◦C, 3000 × g, 10min). Absorbance of the
supernatants was read at 440, 532, and 600 nm (Beckman
Coulter DU-650 spectrophotometer, Brea CA, USA) and MDA
equivalents were calculated as in Hodges et al. (1999).
Statistical Analysis
All results are presented as mean values ± standard error.
The effects of epiphytes and time of the day on the variables
measured were tested using Two-way analyses of variance
(ANOVA). The Student-Newman-Keuls post-hoc test was used
to test for significant differences between factor levels. All
data treatment and statistical analysis was performed using the
SigmaStat/SigmaPlot (SPSS Inc., v.11) software package.
RESULTS
Under most irradiance levels, epiphytes did not affect the total
NPP of P. oceanica shoots (including the epiphyte contribution),
except in the period of the day where maximum production was
observed, 16–18 h at an irradiance of 768µmolquanta m−2s−1
(Figure 1). The diel cycle of NPP was similar for NEp and
Ep shoots. Both did not peak at the maximum irradiance of
1086µmolquanta m−2s−1 from 13 to 15 h, but in the following
period of 16–18 h, decreasing afterwards to 18–20 h. As well,
there were no significant differences between NEp and Ep shoots
in dark respiration (Figure 1, 22–24 h).
Chlorophyll b content was always lower in leaves with
epiphytes, resulting in significantly higher chlorophyll a/b ratios
in NEp than Ep leaves (Figure 2A). There were no significant
differences between pre-dawn and noon times. The foliar
concentration of the VAZ pool pigments [violaxanthin (V) +
anteraxanthin (A) + zeaxanthin (Z)] was significantly higher
in NEp than in Ep leafs at pre-dawn, but no differences were
detected at noon. Foliar VAZ pool did not change significantly
from pre-dawn to noon in neither epiphyte loads (Figure 2B).
However, the de-epoxidation state of the VAZ-cycle pigments,
(A+Z)/(V+A+Z), significantly increased from pre-dawn to noon
in both cases, but particularly in leaves without epiphytes where
it increased 2.6 fold (Figure 2C).
The soluble carbohydrates content was significantly higher in
Ep leaves at pre-dawn, but not at noon (Figure 3A), as opposed
to starch, which was significantly lower (Figure 3B). The soluble
carbohydrates content did not vary significantly with the time
of the day (Figure 3A), whereas the starch content decreased
significantly from pre-dawn to noon in NEp leaves. At noon there
were no significant differences in starch content between NEp
and Ep leaves.
APX and DHAR activities were significantly higher in Ep than
NEp leaves at noon but not at pre-dawn (Figure 4). APX activity
in Ep leaves increased significantly from pre-dawn to noon as
opposed to NEp leaves where it did not change with time. DHAR
FIGURE 1 | Net photosynthetic rates of Posidonia oceanica along the
day (local time, UTC+1). Different letters indicate significant differences with
time of the day (p < 0.05); *indicates significant differences between shoots
with (Ep) and without (NEp) epiphytes.
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FIGURE 2 | Chlorophyll a/b ratio (A), xanthophyll cycle pool [violaxanthin (V) + anteraxanthin (A) + zeaxanthin (Z)] (B), and de-epoxidation index
(A+Z/V+A+Z) (C) in Posidonia oceanica leaves with (Ep) and without (NEp) epiphytes at pre-dawn and noon. Different letters indicate significant differences
between pre-dawn and noon; *indicates significant differences between Ep and NEp leaves (n = 5, p < 0.05).
FIGURE 3 | Leaf soluble sugars (A) and starch (B) in Posidonia oceanica leaves with (Ep) and without (NEp) epiphytes, at pre-dawn and noon. Different
letters indicate significant differences between pre-dawn and noon; *indicates significant differences between Ep and NEp leaves (n = 5, p < 0.05).
FIGURE 4 | Ascorbate peroxidase (APX) activity (A) and dehydroascorbate (DHAR) activity (B) in Posidonia oceanica leaves with (Ep) and without (NEp)
epiphytes, at pre-dawn and noon. Different letters indicate significant differences between pre-dawn and noon; *indicates significant differences between Ep and
NEp leaves (n = 5, p < 0.05).
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FIGURE 5 | Antioxidant capacity (TEAC) (A) and oxygen radical absorbance capacity (ORAC) (B) in Posidonia oceanica leaves with (Ep) and without
(NEp) epiphytes, at pre-dawn and noon. Different letters indicate significant differences between pre-dawn and noon; *indicates significant differences between Ep
and NEp leaves (n = 5, p < 0.05).
activity showed the opposite trend: NEp DHAR activity in Nep
leaves decreased from pre-dawn to noon, while it did not change
in Ep leaves.
The antioxidant response (TEAC and ORAC) of P. oceanica
leaves was significantly higher (1.4 to 2-fold) in Ep leaves,
both at pre-dawn and noon (Figures 5A,B). The antioxidant
capacity (TEAC) and the ORAC of both Ep and NEp decreased
significantly from pre-dawn to noon, except in the case of ORAC
of NEp leaves. Phenolic compounds decreased significantly from
pre-dawn to noon in both Ep and NEp leaves (Figure 6).
Epiphytes had a positive effect on the level of peroxidation
of membrane lipids (MDA) at pre-dawn at p = 0.055, but
not at noon, because NEp levels of MDA increased to Ep levels
(Figure 7). MDA remained high and unaltered in Ep leaves.
DISCUSSION
Our results suggest that leaf epiphytes were responsible for
high levels of oxidative stress in P. oceanica even though other
uncontrolled factors such as hydrodynamics, nutrients, etc. may
contribute to the observed differences between sites. The role
of epiphytes on modulating the physiological acclimation of
P. oceanica to irradiance (between pre-dawn and noon) is
also highlighted in our work. Table 1 shows the significant
differences found between the responses of P. oceanica shoots
with contrasting loads of epiphytes. The shading effect of
epiphytes is the probable cause for the observed increase of
chlorophyll b concentration in Ep leaves, to improve light
harvesting. As well, the observed decrease of the xanthophylls
involved in the VAZ cycle in Ep leaves is in line with this
hypothesis, as their photoprotective role is less necessary at low
light levels. Epiphyte shading was also the probable reason for
the lower VAZ de-epoxidation ratio of Ep leaves at noontime
in relation to the leaves exposed to full sunlight. In NEp leaves
the photoprotective VAZ cycle was highly active at noontime
(Figure 2), concurrently with the low values of NPP (Figure 1,
FIGURE 6 | Phenolic compounds concentration in Posidonia oceanica
leaves with (Ep) and without (NEp) epiphytes, at pre-dawn and noon.
Different letters indicate significant differences between pre-dawn and noon.
13–15 h period). The maximum photosynthetic production of P.
oceanica shoots did not coincide with maximum light intensity
(13–16 h), probably due to photoinhibition, which may occur
in P. oceanica above 540µmol m−2s−1 (Figueroa et al., 2002),
but rather during the afternoon (16–18 h) when saturating
but not inhibiting light levels were recorded. No effects of
epiphytes were observed on the dark respiration of P. oceanica
shoots.
Lower photosynthetic rates in leaves with epiphytes has long
been related with the shading created by epiphytes on the leaf
surface (Sand-Jensen, 1977; Brush and Nixon, 2002), which
decreases light quantity and alters light quality reaching the
leaf surface (Brodersen et al., 2015). Recently, Oh et al. (2009)
showed that epiphytes induce a permanent loss of chlorophyll
a fluorescence signal in the leaf portion where they are located,
causing a long term disruption of photosynthesis.
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FIGURE 7 | Malondialdehyde (MDA) concentration in Posidonia
oceanica leaves with (Ep) and without (NEp) epiphytes, at pre-dawn
and noon. Different letters indicate significant differences between pre-dawn
and noon.
TABLE 1 | Responses of Posidonia oceanica to the presence of epiphytes
and to the pre-dawn to noon shift.
Effect of epiphytes Pre-dawn to noon shift
Pre-dawn Noon NEp Ep
Chla/chlb ↑ p = 0.003 ↓ p < 0.001 = p = 0.472 = p = 0.183
VAZ = p = 0.862 = p = 0.565 = p = 0.885 = p = 0.546
AZ/VAZ = p = 0.320 ↓ p < 0.001 ↑ p < 0.001 ↑ p = 0.010
Soluble sugars ↑ p = 0.015 = p = 0.169 ↑ p = 0.005 = p = 0.354
Starch ↓ p < 0.001 = p = 0.182 ↓ p = 0.009 = p = 0.860
APX = p = 0.129 ↑ p = 0.013 = p = 0.321 ↑ p = 0.041
DHAR = p = 0.309 ↑ p = 0.014 ↓ p = 0.044 = p = 0.136
TEAC ↑ p < 0.001 ↑ p < 0.001 ↓ p = 0.047 ↓ p = 0.023
ORAC ↑ p < 0.001 ↑ p < 0.001 = p = 0.420 ↓ p = 0.028
Phenolics = p = 0.376 = p = 0.431 ↓ p = 0.031 ↓ p = 0.037
MDA = p = 0.055 = p = 0.798 ↑ p = 0.018 = p = 0.612
↑ and ↓ indicates respectively an increase or decrease (p < 0.01) due to the presence
of epiphytes or to the pre-dawn to noon shift; ↑ and ↓ indicates respectively an increase
or decrease (p < 0.05) due to the presence of epiphytes or to the pre-dawn to noon
shift. = indicates no significant differences (p > 0.05). Note that the p-value of the MDA
response (p = 0.055) was very close to the significant level (p = 0.05).
The lower chlorophyll a/b ratio observed in leaves with
epiphytes (due to increased chlorophyll b) agrees with
the expected adaptation of plants to lower light intensities
(Lichtenthaler and Burkart, 1999). The lower chlorophyll a/b
ratio corresponds to an additional enlargement of the PSII
antennae system (Lichtenthaler and Buschmann, 2001) due
to a proportionally higher content in chlorophyll b. This can
be a strategy that allows the P. oceanica shaded by epiphytes
to enhance the light capture in the chlorophyll b absorbance
windows of the electromagnetic spectrum, and that way the
photosynthetic production is maintained at high levels.
If light limitation results in a specific modulation of pigments,
the excess of light may be highly stressful, able to create
oxidative stress, photoinhibition, and permanent photo-damage
(Demmig-Adams and Adams, 1992). The xanthophyll VAZ
[violaxanthin (V) + anteraxanthin (A) + zeaxanthin (Z)] cycle
is an important mechanism to protect plants from the excess
of light. The de-epoxidation of violaxanthin into anteraxanthin
and zeaxanthin is a dynamic and quick response to light changes
(Demmig-Adams and Adams, 1992; Jahns, 1995; Han et al.,
2004). In terrestrial plants, the VAZ-pool size depends upon light
intensity and varies according to species (Walters and Horton,
1994; Niinemets et al., 2003). Usually, plants adapted to high
irradiance have higher concentrations of VAZ-cycle pigments
than the ones adapted to low irradiances (Han et al., 2004). Our
observations suggest that epiphytes do not influence significantly
the foliar VAZ pool of P. oceanica but, on the other hand,
the de-epoxidation ratio of this species decrease significantly
in leaves with epiphytes (Table 1). The observed compensatory
increase in the de-epoxidation ratio of P. oceanica leaves exposed
to full sunlight probably caused a great midday depression of
PSII efficiency, responsible for the observed lower photosynthetic
production at midday, called dynamic photoinhibition (Adams
et al., 2006). It is noteworthy to highlight that Ep leaves presented
a significantly lower VAZ de-epoxidation ratio at noon than NEp
leaves (Figure 2), which was probably related with the fact that
the plants were shaded.
P. oceanica leaves with epiphytes presented higher soluble
sugar and lower starch concentrations than leaves without
epiphytes, at pre-dawn. This could indicate that the presence
of epiphytes lead to higher energetic requirements for some
physiological process, which were obtained at the expense of
starch reserves during the night period. Nonetheless, during
this period, the higher amount of soluble sugars in Ep leaves
in relation to NEp leaves is balanced by the lower amount of
starch. The allocation of the two carbohydrate forms to fulfill
energetic requirements from growth to stress response has been
well described (Andersen, 2003). Processes that increase the
demand for carbohydrates, such as antioxidant defense, lead to
the depletion of storage in the form of starch (Andersen, 2003).
The allocation of energetic resources is done according to the
major physiological needs, and there is an inverse relationship
between allocation to growth and to non-growth processes
(Lattanzio et al., 2009), being plant defense the priority energy
sink (Close and McArthur, 2002). Our observations indicate
that the energy required to control ROS bursts in P. oceanica
leaves with epiphytes may be derived from sources other than the
carbohydrate reserves, such as photosynthesis, since the activity
of enzymatic antioxidant defenses increases with light.
The integrated response of P. oceanica to high levels
of irradiance concurs with the energy dissipation and
photoinhibition mechanisms described elsewhere for terrestrial
plants (Adams et al., 2006). Under excessive light levels, ROS
are produced and dynamic photoinhibition is induced (Adams
et al., 2006). In order to control ROS bursts and avoid oxidative
stress, plant defenses comprise a complex set of enzymatic and
non-enzymatic antioxidants and secondary metabolites. Our
results indicate that the epiphytes of P. oceanica triggered a burst
of ROS because a significantly higher antioxidant scavenging
capacity was found in leaves with epiphytes. Both the antioxidant
radical scavenging capacity (TEAC) and the absorbance of
oxygen species capacity (ORAC) corroborate this (Table 1).
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These assays reflect the antioxidant reducing capacity and
the hydrogen atom donation capacity, respectively (Huang
et al., 2005). Moreover, both ORAC and TEAC indexes were
significantly higher at pre-dawn than at noon in both Ep and
NEp leaves and independently from the time of the day, always
significantly higher in Ep (Table 1), showing that this response
was more related with the presence of epiphytes than with the
effect of light.
The antioxidant defense enzymes APX and DHAR are main
scavengers of hydrogen peroxide, H2O2, which has been shown
to be overproduced by plants as a response to stress (Cheeseman,
2007). Hydrogen peroxide is a potentially ROS, as in the presence
of transition metals gives rise to the highly reactive hydroxyl
radical (Cheeseman, 2007), but also acts as a signaling molecule
for the antioxidant system to respond to bursts of oxidative
species (Forman and Torres, 2002; Cheeseman, 2007). APX and
DHAR are both part of the plants antioxidant enzymatic system
that prevents the H2O2 related oxidative stress. APX is an H2O2-
peroxidase that uses ascorbate as an electron-donor in plants
and algae, to convert H2O2 into water and DHAR is part of
the ascorbate recycling system (Mittler and Poulos, 2005). Here
we found that both APX and DHAR activities were significantly
higher in leaves with epiphytes at noontime (Table 1), showing
that H2O2 was being produced and scavenged.
Phenolic compounds can have multiple biological functions
related with the reproductive strategy (Ning et al., 2010),
adaptation and survival to environmental disturbances (Ning
et al., 2010; Cheynier et al., 2013), antimicrobial and anti-
fouling properties (Maddox et al., 2010). Phenolic compounds
can be polymerized by peroxidases during pathogen attacks to
create morphological barriers against possible infections (Close
and McArthur, 2002). Their deposition as lignin in cell walls
increases their mechanical strength and improves plants response
against pathogens and wounding (Booker and Miller, 1998).
Some, but not all, phenolic species can have a direct effect
in herbivores (Close and McArthur, 2002), but in general
they are mostly linked to photodamage prevention (Close and
McArthur, 2002; Lattanzio et al., 2009). Phenolic compounds
also have antioxidant activity (Kähkönen et al., 1999; Ahn et al.,
2007), reducing free radical formation and scavenging ROS
(Rösch et al., 2003; Cheynier et al., 2013). Phenolic compounds
decreased significantly from pre-dawn to noontime in both
Ep and NEp leaves (Table 1), suggesting a biological rhythm
independent of light, but we did not observe any effects of
epiphytes on the phenolic compounds content of P. oceanica
leaves. Being a complex group of compounds with diverse
functions, total phenolic concentrations do not necessarily reflect
antioxidant capacity (Kähkönen et al., 1999; Miguel et al., 2010).
Plants submitted to different environmental conditions and with
different physiological requirements will most likely have a
qualitatively distinct phenolic composition. Consequently, the
fact that Ep and NEp leaves of P. oceanica did not differ in terms
of total phenolic compounds does not suggest that epiphytes have
no effect on particular phenolic molecules, but rather emphasizes
the need for a detailed scrutiny to understand the phenolics
diversity, specific dynamics, and functions.
MDA formation is associated with strong oxidative stress
conditions that result in cell damage, namely in the degradation
of polyunsaturated lipids (Valenzuela, 1991). At pre-dawn, MDA
concentrations were higher (at p= 0.055) in leaves with epiphytes
than in leaves without epiphytes suggesting oxidative damage
caused by epiphytes. Light did not have an effect on MDA
of Ep leaves due to shading, but had a significant effect on
NEp leaves (Table 1), whose MDA levels increased from pre-
dawn to noon to the same level of Ep leaves (Figure 7). The
ORAC and TEAC results support this interpretation as the
antioxidant capacity of Ep leaves was higher at pre-dawn and
consequently it was not caused by light. We conclude that
both the epiphyte load and light caused comparable oxidative
damage levels in P. oceanica. Even though the mechanisms to
scavenge ROS were active, as indicated by the activities of the
enzymes APX and DHAR and the TEAC and ORAC indices,
they were not completely effective to avoid the occurrence of cell
damage.
Most of the epiphytes found in P. oceanica leaves were
calcareous. As carbon dioxide (CO2) concentration in the
ocean is increasing, the inherent changes in the carbonate
balance are leading to a concomitant decrease in seawater pH.
Calcifying marine organisms are among the most threatened by
ocean acidification since the predicted pH decrease will affect
their ability to form and maintain calcium carbonate skeletons
(Büdenbender et al., 2011; Barry et al., 2013) and ultimately
compromise the survival of many species. The existence of
boundary layers allows plants to alter pH at leaf surfaces (Hurd
et al., 2011) and seagrass photosynthesis is known to increase pH
at leaf surface (Hendriks et al., 2014), somehow mitigating ocean
acidification impacts in calcareous algae and other calcareous
epiphytes normally associated to seagrasses (Hendriks et al.,
2014). Nevertheless, a significant reduction in epiphytic coralline
algae cover was found on seagrasses growing in natural acidified
seawater, in CO2 vents with pH bellow 7.9 (Martin et al.,
2008). This reduction could benefit P. oceanica meadows,
decreasing epiphyte related oxidative stress and allowing higher
photosynthetic rates and hencemore resources could be allocated
to processes such as growth and reproduction. However, it is not
clear that the total load of epiphytes would decrease, as it has been
reported that other forms of epiphytes such as filamentous algae
may take over calcareous epiphytes (Campbell and Fourqurean,
2014; Martinez-Crego et al., 2014). On the other hand, the excess
light resulting from a putative decrease of epiphytes may also
contribute to increase the oxidative stress of P. oceanica, as we
showed here.
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